The goal was to evaluate how perceptual thresholds are related to electrode impedance, electrode size, the distance of electrodes from the retinal surface, and retinal thickness in six subjects blind as a result of retinitis pigmentosa, who received epiretinal prostheses implanted monocularly as part of a U.S. Food and Drug Administration (FDA)-approved clinical trial. METHODS. The implant consisted of an extraocular unit containing electronics for wireless data, power recovery, and generation of stimulus current, and an intraocular unit containing 16 platinum stimulating electrodes (260-or 520-m diameter) arranged in a 4 ϫ 4 pattern. The electrode array was held onto the retina by a small tack. Stimulation was controlled by a computer-based external system that allowed independent control over each electrode. Perceptual thresholds (the current necessary to see a percept on 79% of trials) and impedance were measured for each electrode on a biweekly basis. The distance of electrodes from the retinal surface and retinal thickness were measured by optical coherence tomography on a less regular basis. RESULTS. Stimulation thresholds for detecting phosphenes correlated with the distance of the electrodes from the retinal surface, but not with electrode size, electrode impedance, or retinal thickness. CONCLUSIONS. Maintaining close proximity between the electrode array and the retinal surface is critical in developing a successful retinal implant. With the development of chronic electrode arrays that are stable and flush on the retinal surface, it is likely that the influence of other factors such as electrode size, retinal degeneration, and subject age will become more apparent. (ClinicalTrials.gov number, NCT00279500.) (Invest Ophthalmol Vis Sci. 2008;49:2303-2314) DOI:10.1167/ iovs.07-0696 P hotoreceptor loss in diseases such as retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are two of the leading causes of blindness.
electrode arrays that are stable and flush on the retinal surface, it is likely that the influence of other factors such as electrode size, retinal degeneration, and subject age will become more apparent. (ClinicalTrials.gov number, NCT00279500.) (Invest Ophthalmol Vis Sci. 2008;49:2303-2314) DOI:10.1167/ iovs.07-0696 P hotoreceptor loss in diseases such as retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are two of the leading causes of blindness. [1] [2] [3] In recent years, several research groups have had the goal of developing an electronic retinal prosthesis to restore some vision within individuals with these diseases. 4 -8 A major concern in the field has been that the charge density needed to elicit light percepts may be too high to permit long-term stimulation without causing damage to the retina. A second concern is that the current amplitude necessary to elicit percepts may fluctuate unpredictably over time, due to neurophysiological changes in the wiring of the retina, damage to the retina, electrochemical changes on the electrode surface, or instability of position of the electrode array on the retinal surface. In acute studies (lasting Ͻ3 hours), it has been found that localized retinal electrical stimulation of blind subjects resulted in discrete visual percepts; however, the amount of electrical current needed to elicit visual responses was relatively large compared with that used in animal in vitro retinal studies examining responses to electrical stimulation. 9, 10 A likely explanation for these high thresholds is that in acute operating room conditions, it is difficult for subjects to maintain high levels of concentration, it is difficult to control electrode distance from the retinal surface, and it is possible to perform only a very small number of trials. An alternative possibility is that the high electrical thresholds found in previous human trials were due to the effects of retinal degeneration, which include both loss of cell function and rewiring of the retina. [11] [12] [13] [14] We report data from six subjects implanted with epiretinal prostheses for a prolonged period. In these subjects, we repeatedly measured (over a period of several months) perceptual thresholds, electrode impedance, the distance of electrodes from the retinal surface, and retinal thickness. A subset of data from three subjects have been reported elsewhere. 15 Our goal was to evaluate how perceptual thresholds are related to electrode impedance, the distance of the electrodes from the retinal surface, and retinal thickness.
It has been shown 16, 17 that the log threshold current necessary to elicit spikes within in vitro retinal ganglion cells correlates linearly with log electrode area. However, the relationship between electrode size and threshold is less clear in human studies. (Hornig R et al. IOVS 2006;47:ARVO E-Abstract 3216). 5, 9, 10, 15 In the few studies in which data have been collected over a prolonged period, reported thresholds were based on a small number of trials, and different electrodes sizes were implanted across subjects, thereby confounding electrode array position, intersubject variability, and electrode size. 9, 15 OCT cross-sectional images of retinal tissue across multipledepth planes, resolved to the scale of Յ10 m, are inferred from the profile of near-infrared backscattered light. OCT is well validated for measuring retinal thickness. However, OCT has not yet been used for measuring retinal thickness or the distance of electrodes from the retinal surface in patients with implanted retinal prostheses.
The distance of electrodes from the retinal surface is likely to be a critical factor in determining the amount of current necessary to produce a percept. Both modeling and animal electrophysiology data suggest that electric current diminishes with the distance from the electrode in retinal stimulation. 18, 19 An additional concern is that current injected from electrodes that are distant from the retina will affect a larger area on the retina, thus decreasing the spatial resolution of the stimulation. 19, 20 Retinal thickness is associated with the extent of retinal degeneration, 21 and it is possible that the ability to elicit percepts through electrical stimulation is compromised in patients in advanced stages of RP. Although bipolar, amacrine, and ganglion cells are still present in later stages of these diseases, their numbers are significantly decreased, 11, 14, 22 and their spatial organization and circuitry are severely disorganized. 12 We were also interested in determining whether, in retinal implants, impedance might provide a potential means of assessing the distance of the electrodes from the retina, changes to retinal tissue local to the implant, or the perceptual threshold for electrical stimulation. Electrode impedance provides a measure of electrical resistance to current that is determined primarily by electrode material, electrode size, and the tissue surrounding the electrode. Impedance has been successfully used in cochlear implants to assess the positional stability of the implant, the electrochemical and electronic integrity of the implant, and the neurophysiological status of the surrounding tissue. In the early weeks after implantation, changes in impedance in cochlear implants have been associated with inflammatory tissue responses, the growth of fibrous or scar tissue, 23 and the formation of a hydride layer on the surface of the electrode. 24, 25 After an initial period of instability, impedances can remain stable for several years. 26, 27 In cochlear implants, these stable impedances do not seem to correlate particularly well with the distance of the electrode from the modiolar wall.
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MATERIALS AND METHODS
Subject Selection, Implantation, and Testing History
The study protocol was granted an Investigational Device Exemption (IDE) by the U.S. Food and Drug Administration (FDA), was approved by the Institutional Review Board at the University of Southern California and adhered to the tenets of the Declaration of Helsinki. Six subjects (S) with severe RP participated in the study. Four (S2-S5) had scant light perception only in the worse eye, and two (S1 and S6) had no light perception (NLP) in the worse eye. A series of standard and specialized preoperative tests were used to confirm each subject's visual acuity and to assess general ophthalmic health. This preoperative evaluation included a complete eye examination, electroretinogram, visual evoked potential, bright flash detection, electrically evoked responses, fluorescein angiography, and fundus photography.
29 Table 1 includes the subjects' ages at the date of implantation, preoperative acuity, the number of days over which we collected data for each subject, electrode sizes implanted in each subject, and eye of implantation. In subjects with a difference in preoperative vision between the two eyes, implantation was performed in the eye with the worse vision. One subject (S2) underwent surgery twice in the same eye because her electrode array detached from the retina after 11 months due to falling and bumping her head (no retinal detachment occurred). In the second surgery, the electrode array was reattached in a nearby macular area no more than 500 m distant from the position of the original implant. Testing of S1 was limited in duration because of geographical constraints. Testing of S3 ended for medical reasons unrelated to the implant. Testing of S4 was ended after microperforation of her conjunctiva, which led to exposure of the cable. Because her cardiac status had deteriorated since the initial implantation, she could not undergo anesthesia and, therefore, could not undergo the use of a scleral patch graft to repair the microperforation. The risk of infection was minimized by cutting the multiwire cable connecting the electrode array to the extraocular stimulator, and the electrode array was left in place. Testing of S2, S5, and S6 was ongoing as of March 15, 2007 .
Testing sessions lasted a maximum of 4 hours, with frequent rest periods. The sessions included threshold and impedance measurements, as well as other measures of visual performance reported elsewhere. 7 When performed, threshold measurements were usually obtained at the beginning of a given testing session. The frequency of testing sessions was limited by the subjects' availability and the clinical trial protocol. In general, each subject took part in one to two sessions per week. Our protocol specified that OCT measurements were performed on the subjects only for clinical reasons, and as a result OCT data were collected at irregular intervals. Figure 1 shows a fundus image of the intraocular electrode array in S3 viewed through a dilated pupil. As described previously, 30 the array consisted of 16 platinum electrodes in a 4 ϫ 4 arrangement, held in place within a clear silicone rubber platform. The array was attached to the retina using a retinal tack. The electrode diameters were 520 m (corresponding to 1.8°of visual angle) in S1 and S2, 260 m (0.9°of visual angle) in S3, and a checkerboard arrangement with alternating 260-and 520-m electrodes was used in S4, S5, and S6 ( Acuities were based on the ability to detect a handheld light. When a Ganzfeld or photographic flash was used, all subjects were capable of seeing light. The eye requiring higher light levels to achieve perception was deemed less sensitive. VA, visual acuity; NLP, no light perception; LP, light perception. 2a). In all subjects, the center-to-center separation between electrodes was 800 m. The distant return electrode was placed on the electronics case, and a 16-wire SC cable connected the intraocular electrode array to the extraocular unit through the sclera.
Intraocular and Extraocular Component Configuration
External Components
The extraocular component of the implant, which converts a radio frequency signal into electrical stimulation patterns, was surgically implanted in the temporal bone, similar to a cochlear implant. 31 Implant data and power were transmitted via an inductive wireless link, with an external antenna magnetically aligned over the electronic implant. The desired pulse pattern was generated on a computer and sent to a custom-built video processing unit (Second Sight Medical Products, Inc., Sylmar, CA) that coded the data as a serial data stream and transmitted it to the implant via the wireless link. A reverse telemetry function in the implant allowed direct measurement of the impedance of each electrode. 30 The subject's nonsurgical eye was patched to ensure that the thresholds were not affected by any residual vision in that eye. Figure 2a shows a fundus image in S6 of an intraocular electrode array with the OCT imaging light source visible (a single line). The arrow represents the direction of the imaging. Figure 2b shows the image of the cross-section of the retina that lay under the OCT imaging light source in Figure 2a . Broad shadows are cast by the electrodes, and narrow shadows are due to the passage of the imaging light source across the edge of the electrode (as is the case in electrode 3 in this example) or are cast by individual wires within the array (note that wires also pass above individual electrodes). Corresponding electrodes are labeled across Figures 2a and 2b. As mentioned, the electrodes in this subject alternated between 520 and 260 m. Electrodes 1 and 3 were 260 m in diameter, and electrodes 2 and 4 were 520 m in diameter. The small deviation between the position of the scan line in the fundus image and the actual OCT image position was due to the occurrence of slight eye movements in the very short time interval that separated acquisition of the two images.
Optical Coherence Tomography
Because our subjects have nystagmus (uncontrolled eye movement), obtaining clear OCT images was time consuming and physically demanding. Consequently, OCT measurements could not be gathered for every electrode for every subject. OCT data were not available for S1, because the OCT apparatus was not available when this subject was being tested.
As shown in Figure 2b , we measured the distance from the top of each electrode to the internal limiting membrane of the retina (red arrows). This measurement included the electrode thickness, which varied between 80 and 120 m, depending on the exact cross-section of the electrode over which the OCT measurement was taken, and we therefore subtracted an estimated electrode thickness of 100 m to obtain the electrode distance from the retina. The thickness of the retina was therefore defined as the distance from the inner surface of the retinal pigment epithelium to the internal limiting membrane (Fig.  2b , orange arrows).
As can be seen in Figure 2 , it was not always easy to determine the exact position of the top of the electrode, the surface of the internal limiting membrane, or the inner surface of the retinal pigment epithelium. Two authors (CB and SP) performed these analyses with the help of custom software (written in MatLab; The MathWorks, Natick, MA). We cross-validated their judgments by having both experimenters analyze the same subset of data. If the two experimenters' judgments correlated perfectly, then their judgments would fall along a line of slope equalling 1. The best-fitting regression for estimates of electrode distance had a slope of 1.06. A Monte-Carlo procedure in which each judgment was randomly assigned to an experimenter was used to assess whether the best-fitting regression slope for these data differed significantly from 1. Experimenters' judgments were mutually correlated (r 2 ϭ 0.78; P Ͻ 0.01), and the regression slope did not differ significantly from 1 (P Ͼ 0.05, two-tailed). The best-fitting regression for estimates of retinal thickness had a slope of 0.83. Performance across observers correlated strongly (r 2 ϭ 0.85; P Ͻ 0.01), and our Monte-Carlo procedure demonstrated that regression slope did not differ significantly from 1 (P Ͼ 0.05, two-tailed). The high consistency across experimenters demonstrates that trained observers could make consistent judgments about electrode distance and retinal thickness on the basis of our OCT images.
Impedance
Impedance was measured with proprietary software (Second Sight Medical Products) or with a handheld portable cochlear implant tester (PCIT; Advanced Bionics, Sylmar, CA). Impedance measurements were taken at the beginning and end of each stimulating session.
Perceptual Thresholds
Perceptual thresholds were defined as the amount of current required for a subject to detect a pulse in 79% of trials. 31 We measured detection thresholds for each of the 16 electrodes using a single standard pulse, consisting of a 0.975-ms cathodic pulse followed by a 0.975-ms anodic pulse. Cathodic and anodic pulses were separated by a 0.975-ms interpulse delay. All pulse waveforms were biphasic and charge balanced.
Until September 2003, a relatively crude technique was used to measure the perceptual threshold. In each trial, subjects were given verbal feedback that a pulse was about to be presented, the subject was stimulated and was then asked to indicate verbally whether the stimulation had caused a visible percept. 15 The subject was stimulated three times at each current intensity, and the stimulation intensity was gradually increased until the subject saw the stimulation all three times. Occasional catch (nonstimulation) trials were interspersed randomly within the stimulation trials, which confirmed that subjects' false-positive rates were less than 10%. Thresholds were calculated by pooling data across sessions and the probability of the subject's reporting a percept was plotted as a function of stimulation intensity. These data were fit with a Weibull function, and threshold was defined as the stimulation intensity at which the subject reported a percept 79% of the time. 32 After September 2003, a precise yes-no procedure was used for measuring perceptual thresholds, with half the trials being catch trials. The amplitude of the test pulse was varied by using a three-up-one-down staircase. (If the subject responded correctly three times in a row, the task was made more difficult by decreasing the current amplitude, if the subject answered incorrectly on any trial, the task was made easier by increasing the current amplitude.) Each threshold was based on approximately 100 to 125 trials, generally 50 trials are adequate to estimate threshold with reasonable accuracy. 33 We confirmed that this experimental modification produced similar threshold estimates and false-positive rates by comparing thresholds collected by using the old and the new technique on several electrodes within the same experimental session. After November 2004, this procedure was automated, and subjects indicated whether they saw a stimulus on each trial via a computer key press. We again confirmed that this experimental modification did not significantly affect threshold estimates or the probability of false positive responses.
Statistical Analysis
Changes in a given measurement over time (e.g., changes in threshold or impedance over time) were analyzed by standard linear regression. Statistically significant changes over time are reported both for each subject and across all six subjects. To quantify the relationship between threshold, impedance, electrode distance, and retinal thickness, we had to find corresponding measurements over time across these different measures. We partitioned our data into 30-day time periods. For example, a given data point comparing impedance and threshold values might represent the average across several impedance measurements and several threshold measurements, both collected within the same 30-day time period (e.g., postoperative days 50 -79 inclusive). Electrode distance from the retina and retinal thickness measurements were taken less frequently, but the same approach was still applied:
Electrode distance from the retina and retinal thickness estimates were compared to impedance or threshold measurements taken within the same 30-day time window as the OCT measurement.
RESULTS
Phosphene Appearance
Phosphene appearance near threshold was typically white or yellow, and the phosphenes were reported to be round or oval. Occasionally, subjects would report seeing a dark spot. If a dark phosphene was seen in response to stimulation with a given electrode, an increase in the stimulation current generally resulted in the subject's seeing a light spot in the same location. As stimulation current increased, the brightness of the percept then tended to increase monotonically. In all subjects, phosphenes at threshold were not uncomfortable.
Stimulation Thresholds
Mean thresholds over the entire period during which we collected data are shown for each electrode and subject in Figure  3 . Mean thresholds decreased dramatically across subject implantations. Thresholds in S1 varied between 173 (most sensitive electrode) and 902 (least sensitive electrode) A. Note that subject S1 was much older than the other subjects, had no light perception (NLP) vision for much longer than any of the other subjects, and may have had confounding retinal or optic nerve damage. Platinum has a conservative, safe, long-term (i.e., longterm stimulation using pulse trains) stimulation limit of 0.35 mC/cm 2 per pulse. 34, 35 For some electrodes in S1, charge density levels above 0.35 mC/cm 2 were necessary to obtain threshold (stimulation was always kept below 1 mC/cm 2 ). Thresholds in S2 were also relatively high, ranging between 121 and 404 A. By comparison, the thresholds in S6 varied between 17 and 73 A. These differences in threshold did not change systematically with the patient's age; level of preoperative vision, as recorded clinically or measured using the darkadapted light flash 29 ; preoperative electrically evoked responses measured with a Burian-Allen corneal electrode 29 ; or implant technology. However, thresholds appeared to decrease systematically across successive surgeries, perhaps because the positioning of the electrode array was successively closer to the retinal surface on each surgery. Note that there was no noticeable difference in thresholds between 260-and 520-m electrodes, either within or across subjects.
In S5 and S6, the maximum (across all 16 electrodes) threshold was less than 100 A for a single biphasic 0.975-ms pulse. These thresholds are well below charge density limits of 0.35 mC/cm 2 , which would permit current amplitude limits of 190.6 A for 260-m-diameter electrodes and current amplitude limits of 762.4 A for 520-m electrodes. It should also be noted that these thresholds are for a single pulse, whereas functional electrical stimulation is likely to be mediated by pulse trains, which generally require lower stimulation thresholds.
Thresholds as a Function of Electrode Size
Three subjects (S4 -S6) received implants of checkerboard arrays in which electrodes of 260 and 520 m alternated in the array (Fig. 2a) . We compared mean thresholds across these two electrode sizes for these three subjects. Other data shown in this article (described later) suggest that the distance of electrodes from the retinal surface has a dramatic effect on threshold. However, the checkerboard arrangement used in these three subjects provided a means of crudely factoring out the effects of electrode distance from the retinal surface. The arrays were fairly rigid, and therefore nearby electrodes tended to have similar distances from the retinal surface. This checkerboard pattern therefore tended to minimize differences in distance from the retinal surface across the two electrodes sizes in a given subject. The mean Ϯ SE of thresholds for 260-m electrodes were: S4, 233 Ϯ 20.9 A; S5, 30.3 Ϯ 1.7 A; and S6, 40.9 Ϯ 6.1 A. The mean and SE of thresholds for 560-m electrodes were: S4, 222.9 Ϯ 16 A; S5, 26.9 Ϯ 1.3 A; and S6, 37.8 Ϯ 4.9 A. Contrary to expectation, electrode size did not significantly affect current threshold (Two-factor [subject ϫ electrode size] ANOVA; P Ͼ 0.05 F ϭ 0.367; Fig. 4a) .
As described earlier, the log threshold current necessary to elicit spikes within in vitro retinal ganglion cells correlates linearly with log electrode area.
16,17 Figure 4b shows a comparison of mean thresholds for S4 to S6 with replotted data from the meta-review figure (Fig. 11 in Ref. 17) illustrating the relationship between electrode size and threshold of Sekirnjak et al. 17 Animal data replotted from their data are restricted to in vitro retinal preparations. It is possible that a wider range of electrode sizes in our subjects with implants would make threshold differences as a function of electrode size more apparent. It is also possible, given the large electrode sizes used in this experiment, that current density had a nonuniform distribution and was concentrated at the electrode edges of the electrodes (see the Discussion section). Top: labeling scheme used to identify electrodes, as viewed through the pupil. In each subject, electrodes were ordered from most to least sensitive along the x-axis. Electrode diameters were (Ⅺ) 260 and (f) 520 m, respectively. Threshold current is shown along the y-axis. Note the dramatic change of scale along the y-axis across subjects. Error bars, Ϯ1 SEM.
As described in the introduction and illustrated in Figure 4b 9, 15 The thresholds reported here are those of three subjects (S4 -S6) who had much lower thresholds than those reported earlier by our group (S1-S3). These latter subjects demonstrate that the current levels required to elicit percepts in humans can be of the same order of magnitude as the current levels required within in vitro experiments in which similar electrode sizes are used. 16 
Stimulation Thresholds
Subject thresholds tended to increase after surgery as shown for two of the six subjects in Figure 5 (top row). As described in the Discussion section, a possible explanation for these increases is that the electrode array may have tended to lift off the retina after surgery. In all subjects except S1, there was a significant tendency for there to be a positive correlation between threshold and time since implantation (two-tailed t-test, P Ͻ 0.05). In S1, the positive correlation fell just below significance (P ϭ 0.057). While reasonably well fit by a linear regression, each subject showed an individual pattern of threshold instability over time.
For each subject, we calculated absolute differences in threshold as a function of the time between the two measurements for each electrode, using every possible time-pair (for S2, each implantation was treated separately). These absolute differences in threshold as a function of time were then fit by linear regression. We found, for every subject, that the slopes of these regressions across the 16 electrodes were significantly greater than 0 (one-tailed t-test, S1, S2, S4, S5, and S6: P Ͻ 0.01; S3: P Ͻ 0.05). Mean slopes of the linear regression varied between 0.02 (S5) and 1.1 (S4) across subjects, corresponding to mean changes in threshold of 2 to 110 A over a 100-day period. Thus, much of the variation in threshold across repeated measurements was due to changes in threshold over time as opposed to measurement error.
Impedance
As would be expected, impedance varied with electrode size, as shown in Figure 6 (two-factor ANOVA with replication; P Ͻ 0.001, F ϭ 146.650). The mean and SE of impedances of 260-m electrodes were: S4, 25.6 Ϯ 3 k⍀; S5, 40.8 Ϯ 1.5 k⍀; and S6, 36.5 Ϯ 1.8 k⍀. The mean Ϯ SE of impedances for 520-m electrodes were: S4, 13.6 Ϯ 1.1 k⍀; S5, 22.2.9 Ϯ 0.3 k⍀; and S6, 18.7 Ϯ 0.4 k⍀.
We found that impedance varied across measurements over time, as shown for two subjects in the second row of Figure 5 . On the whole, subject impedances tended to decrease over time after surgery. In each subject, we calculated the bestfitting linear regression over time across all electrodes. In all subjects except S5, there was a negative correlation between impedance and time since implantation (P Ͻ 0.05). In S5, this negative correlation was nonsignificant (P ϭ 0.122, t ϭ Ϫ1.6416). In S4, S5 and S6 a separate analysis of impedances for 260-and 520-m electrodes again found that S4 and S6 showed a negative correlation over time for both sizes of electrode, whereas in S5, the correlation again fell below significance for both electrode sizes. Although their impedances were reasonably well fit by linear regression, each subject showed an individual pattern of impedance instability over time. As described in the Discussion section, we believe that these changes in impedance may be driven by changes in the distance of the electrode array from the retinal surface. 35 It should be noted that we also saw an initial instability in impedances in the first weeks after implantation and stimulation (the time scale of years in Fig. 5 means that this initial instability is not apparent). In patients with cochlear implants, changes in impedance in the first weeks after implantation are generally attributed to changes in the tissue surrounding the electrode and to electrochemical changes at the electrode interface. [22] [23] [24] However, because OCT measurements were taken at relatively infrequent intervals, we cannot exclude the possibility that, for our retinal implants, these early changes in impedance were affected by slight shifts in the position of the electrode array as it settled on the retina.
Array Position and Retinal Thickness
The two bottom rows of Figure 5 show measured distances of electrodes from the retinal surface and measured retinal thicknesses. Occasionally, multiple OCT images of the same electrode were taken on the same day. In these cases, measurements of electrode distance and retinal thickness for that electrode were averaged, and standard errors were calculated. Because of the difficulty in collecting OCT measurements, only a subset of electrodes was measured on any given date. Although there were clear trends within individual subjects, no clear trend over time was visible across subjects for either electrode distance or retinal thickness.
The Relationship between Threshold, Impedance, Electrode Distance, and Retinal Thickness sponding measurements, we partitioned our data into 30-day periods, as described in the Methods section. As shown in Figure 7a , across all six subjects there was a significant negative correlation (P Ͻ 0.001) between threshold and impedance. This correlation could be described by a power function with an exponent (e) of Ϫ1.01 and a multiplicative scaling factor ( f ) of 1808. This negative correlation was significant in five of the six subjects (Table 2) , although the exponent varied across subjects. The exception was S5, in whom the negative correlation was nonsignificant.
As shown in Figures 4a and 6 , impedances were lower for larger electrodes, yet thresholds were unaffected by electrode size. We therefore correlated thresholds and impedance separately for 260-and 520-m electrodes. A similar negative correlation was found between threshold and impedance for both sizes of electrodes (260-m electrodes: e ϭ Ϫ0.43, f ϭ 5.3, P Ͻ 0.001; 520-m electrodes: e ϭ Ϫ1, f ϭ 7.57, P Ͻ 0.001). For both sizes of electrode, this negative correlation was significant in all subjects except S5 ( Table 2) . As described earlier, S1 and S2 received 520-m electrodes, S3 received 260-m electrodes, and S4, S5, and S6 received both sizes of electrode.
As shown in Figure 7b , across subjects there was a positive correlation between log electrode distance from the retina and log threshold (e ϭ 0.23, f ϭ 3.8, P Ͻ 0.001). However, this positive correlation was only significant in one (S2) of the five subjects for which OCT data were available, and was marginally significant in a second subject (S6) (see Table 2 ). There was therefore a strong relationship between estimated electroderetina distance and threshold across subjects, but this correlation was not apparent within individual subjects, perhaps be-FIGURE 5. Thresholds, impedance, distance between the electrodes and the retinal surface, and retinal thickness as a function of time in two subjects. Each color represents a different electrode. The x-axis represents days after surgery. In each subject, we calculated the best-fitting linear regression over time across all electrodes. First row: thresholds as a function of time. The y-axis represents threshold current for a 0.975-ms pulse. Note that both x-and y-axes differ across subjects.*S2's array detached from the retina after 11 months when the subject fell and bumped her head, and the array was then reattached. For this subject, we calculated separate linear regressions for each array attachment. Thresholds were lower and impedances higher after reattachment. cause OCT measurements were made infrequently and were likely to be relatively noisy.
As described in the introduction, electric fields diminish with the distance from the electrode. 18, 19, 36 The dependence of threshold on distance can be described by a power function for electrode-retina distances much larger than the cell body. This relationship is affected by electrode size, with larger electrodes showing a shallower increase in the amount of necessary current as a function of distance. The solid lines in Figure 7b show predicted thresholds based on a model of Palanker et al., 19 in which the necessary voltage decrease was allowed to vary as a free parameter. The good fit of this model suggests that, for our array configuration, modeling the electric field current in an isotropic medium with distant boundaries may provide a reasonable model for electrical stimulation thresholds.
As shown in Figure 7c , across subjects there was a negative correlation between log impedance and log distance of the electrode from the retinal surface (e ϭ Ϫ0.08, f ϭ 3.08, P Ͻ 0.01). However, the exponent was significantly less than 0 in only two of the five subjects for which OCT data were available (Table 2 ). When this analysis was performed separately for 260-and 520-m electrodes, a similar negative correlation was found between impedance and distance of the electrode from the retinal surface for both sizes of electrodes. For 260-m electrodes, there was a significant negative correlation in two of the four subjects. One subject (S4) showed a positive correlation between electrode-retina distance and impedance. For 520-m electrodes there was a significant negative correlation in two of the four subjects.
As shown in Figure 7d , there was no correlation between electrode distance and retinal thickness (P Ͼ 0.05). S5 showed a positive correlation between electrode distance from the retinal surface and retinal thickness, which may have been due to a slight compression of the retinal surface by the array in this subject.
As shown in Figure 7e , across subjects, there was no correlation between retinal thickness and threshold (P Ͼ 0.05). Within the five individual subjects, one (S6) had a slight positive correlation and another (S2) showed a slight negative correlation.
As shown in Figure 7f , across subjects there was no correlation between retinal thickness and impedance (P Ͼ 0.05). Two subjects (S3, S6) showed significant negative correlations, and one (S4, shown in italics) showed a significant positive correlation. When this analysis was performed separately for 260-and 520-m electrodes, a negative correlation was found between retinal thickness and impedance for 260-m electrodes. For 260-m electrodes, there was a significant negative correlation in three of the four subjects, whereas the fourth (S4) showed a positive correlation between retinal thickness and impedance. For 520-m electrodes one subject (S6) showed a negative correlation between retinal thickness and impedance, and another (S4) showed a positive correlation.
DISCUSSION Threshold Sensitivity
As shown in Figure 3 , the thresholds of our more sensitive subjects were significantly lower than have been reported, both for data reported earlier for S1-S3 9, 15, 30 and for earlier acute studies. 37 In our subjects who underwent later implantation, electrical stimulation thresholds are comparable to those reported in the animal literature (which to date has focused on the nondegenerated retina). This finding is surprising, given that the definition of threshold routinely used within in vitro studies of electrical stimulation is the current that reliably elicits at least one spike in a single cell. However, it has been shown that subjects with normal vision can reliably detect a single photon of light, 38 suggesting that a very small increase over the baseline firing rate of ganglion cells is probably sufficient to mediate behavioral detection. These data suggest that the sensitivity of degenerated human retina to electrical stimulation may not be greatly worse than the sensitivity of nondegenerated mammalian retina, as measured in vitro.
No Evidence of Tissue Damage
It is likely that retinal degeneration continued in our subjects as part of the natural progression of their disease. It was also a possibility that long-term stimulation may have led to retinal tissue damage. We did not see any systematic changes in retinal thickness over time; however, retinal changes may have occurred that did not affect retinal thickness, or that resulted in retinal thickness changes that were too subtle for us to observe. However, it is worth noting that we did not see any gradual increases in threshold or impedance that were not associated with shifts in the distance of the electrode array from the retinal surface. In subjects S4 and S6, OCT measurements were taken over an extended period, during which the electrode array remained stable. During this period, changes in threshold and impedance tended to be relatively small (Fig. 5, S6) . Thus, any postoperative changes in the retinal surface that may have 
No Evidence of Electrode Corrosion
It was also possible that long-term stimulation led to electrode corrosion. It should be noted that any corrosion was unlikely to affect the measured distance of the electrode array from the retinal surface, because these measurements were taken from the top of the electrode. However, severe corrosion would have been likely to result in gradual increases in thresholds and impedance. As described earlier, we did not see large changes in threshold or impedance that were unassociated with shifts in the position of the array. Thus, any postoperative changes in the electrodes' surface that occurred did not have a measurable effect on either sensitivity or impedance.
Thresholds as a Function of Electrode Size
As described in Figures 3 and 4 , we found that thresholds were the same for 260-and 520-m electrodes. This is in contradiction to a recent literature review by Sekirnjak et al., 17 who found, across a wide range of in vitro and in vivo studies, that log thresholds increase linearly with log electrode area, with a slope of 0.7. However, as shown in Figure 4b , it is possible that a wider range of electrode sizes would make threshold differences as a function of electrode size more apparent. Given the large electrode sizes used in this experiment, it is likely that current density concentrated in a "ring" around the electrode edges. 39 -42 As a result, for relatively large electrodes, the peak charge density for a given charge would differ less as a function of electrode size than would be predicted from their relative surface areas. Smaller electrodes would be expected to have more even current distribution across the electrode surface.
In this study, we measured perceptual threshold, which is the current needed for stimulation to be detected reliably. Useful prosthetic vision will, of course, require suprathreshold stimulation. Nonetheless, thresholds provide an indication of the lower limit beyond which it will be difficult to reduce electrode size. The low stimulation levels needed to detect phosphenes in two of our subjects imply that the suprathreshold stimulation levels required for useful prosthetic vision are likely to be attainable with smaller electrode sizes than those used in this study, provided the array is close to the retinal surface. The results from both S5 and S6 show thresholds consistently below 100 A (0.975 ms pulse) on a majority of the electrodes. If it is assumed that platinum has a conservative, safe, long-term stimulation limit of 0.35 mC/cm 2 , 34,35 then these data imply that electrodes of less than 200 m in diameter would be acceptable. More advanced materials such as iridium oxide, with a safe stimulation limit of 3 mC/cm 2 , 43 could safely permit the use of electrodes of 65 m diameter.
Reducing electrode size will permit more electrodes within the same retinal area, translating into more pixels per degree of visual angle. Simulations of prosthetic vision suggest that more electrodes in the central visual area of the retina may lead to a higher-resolution image and better visual task performance.
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The Relationship between Electrode Distance from the Retinal Surface, Impedance, and Threshold
Our data suggest that distance from the retinal surface is a critical factor in determining both threshold and impedance. For a given electrode size, electrodes that are close to the retinal surface have lower thresholds and higher impedances. As shown in Figure 7b , we see a positive correlation between threshold current and electrode distance from the retina. These data confirm retinal electrophysiology data, suggesting that the distance of the electrodes from the retina is a significant concern. 36, 46 Stimulus current requirements are likely to be minimized when the array is in close position to the retina, minimizing power consumption by the stimulator, and allowing for smaller electrodes to generate phosphenes within safe charge density limits.
As would be expected, impedances are lower for larger electrodes. However, impedances are also negatively correlated with the distance of the electrode from the retinal surface (Fig. 7c) . These data are consistent with the notion that electrodes that are close to the surface of the retina have higher impedances (because of the adjacent retinal tissue) than electrodes that have lifted from the retina (where fluid with higher conductivity intervenes between the electrode and the retinal surface). 36, 47 The electrode arrays used in this study were handmade and were relatively large and stiff. Consequently, a possible explanation for the changes in impedance and threshold that we see is that the single tack that was used to fix the array onto the retina permitted small amounts of array movement. It is plausible that the distance of electrodes from the retinal surface is the common factor responsible for the negative correlation between threshold and impedance. The relationship between electrode distance from the retinal surface, impedance, and threshold can been seen very clearly in S2 (Fig. 5) . A lifting of the array (observed using fundus imaging since OCT imaging was not available at the time) led to an increase in thresholds and a decrease in impedances. After the electrode array was reattached, the impedances increased and thresholds dropped. There was then a second gradual lifting of the electrode array from the retinal surface, which was again accompanied by an increase in thresholds and a decrease in impedance.
Negative correlations between threshold and impedance were significant in five of the six subjects, suggesting that within individual subjects, impedance may be used to predict threshold for a given electrode size. This method may prove useful for arrays with very high electrode counts, where measuring individual thresholds for each electrode would be impracticably time consuming.
As more advanced OCT imaging techniques become available, 48 -50 it may be feasible, in the next generation of retinal implants, to track short-term changes in the electrode to retina distance in the immediate postoperative period. Detailed information about the distance of the electrodes from the retinal surface will allow a much finer characterization of the relationship between threshold, impedance, and electrode position.
CONCLUSIONS
Our data suggest that maintaining close proximity between the electrode array and the retinal surface is likely to be critical in developing a successful retinal implant. As well as affecting threshold, it is also likely that the ability to produce small localized percepts will be compromised if the array is not close to the retinal surface. If this is the case, as thinner electrode structures are developed and maintaining stable attachment to the retina becomes more tractable, 51, 52 we might expect impedance and threshold values to become more stable over time. With the use of electrode arrays that are stable and flush on the retinal surface, and more complex measures of perceptual performance than our simple threshold measure, it is likely that the influence of other factors such as electrode size, progression of retinal degeneration, and subject age will become more apparent.
